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ABSTRACT

This final report describes the experimentai results of a j.rogram con-
ducted under Contract AF08(635)-2783, "Hypeiveiocity Impact Experiments,’
to investigate the vulnerability of multiple sheet thin target assemblies to
hypervelocity projectiles impacting at both normal and oblique angles. This
study of penetration, perforation and spaliing was conducted using an
accelerated-reservoir light-gas gun to launch projectiles to velocities
ranging from 5000 fps to 25,500 fps. Projectile incident angles ranged
from 90 degrees (normal) tn 10 degrees.

Target damage was evaluated in terms of hole area, depth of penetra-
tion and affected area. Damage was correlated with impact velocity, impact
angle, projectile variables, and target variables.

This rerort has been reviewed and is acnroved,

TAVIR X, DRAN
Colonel, USAF
Chief, ‘eanons Civi<ion
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SECTION 1
INTRODUCTION

Of current interest to the Air Force in their Space Program is the
\nvestigation of non-nuclear kill mechanisms from both offensive and defen-
sive viewpoints, Offensivelv, this interest has led to enhanced lethality
concepts for warhead develcpment. Defensively, it has led to advances in
the science of spacecraft design. Une of the problems is the vulnerability
of spacecraft to impacts of hypervelocity fragments, since such a collision
could result in the defeat of « mission. It is necessary, therefore, to devise
means of protecting 4 spacecraft from thesz fragments while remaining

-aware of the penalties involvea in increasing the vehicle gross weight or

unduly compiicating its structure.

Although many configurations of vehicle hulls have been proposed, the
foremost, and cne of the orizinal concepts, is that of a thin outer shell
separated from and protecting the main tull.(1) In theory, any meteoroid
or warhead fragment that impacted this outer shell would vaporize before
it could -.»t- ate the irain hull - in practice, however, this appears
gener:'iy pos~ible only at very high velocities, for the actual chyeical
mec!: wisin - lmpact that has been observed at typical encounter velocities
does .ot inclu. .+ vaporization of fragments.(2]

Figure 1 is an artist’'s renresentation of the impact of a solid sphere
against such a thin target, the protective outer shell. The projectile strikes
the target and, because of the intense pressures developed, generates a
shock wave in both projectile and target. These shocks cause the projectile
to break up into a multitude of tiny tragments, producing an expanding
bubble of debris with a velocity component normaul to the shield that is
generally less than the velocity of the original projectile. The resuit of
these factors of fragment spread and velocity reduction is that the nrotected
hull is subjected to less momentuwn and energy loading per unit arz2 thun
an unprotected hull.

While it is true that this design concept should reduce the vehicle-
vulnerability, the mode and magnitude of impact C*mage still requred
study. Since the number of possible target configurations is virtualiy
unlimited, a typical multisheet thin target assembly was chosen Lo be su’ -~
jected to impacts of srecific projectiles under specific encaurter conditic 8.
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The basic thin target asseinbly consisted of two 2014-T6 aluminum
sheets spaced twelve irchce apart. The experimental variables were those
of the projectile (material, maas, velocity, angle of impact) an those of
tho target assembly (material, intersheet spacing, angle of impact).

Other tests, conducted concurrently, were to investigate the phenom-
enon of impact flash and its potential use «s a2 hit director and target
discriminator.
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SECTION II
TECHNICAL ACTIVITIES AMD RESULTS

2.1 Experimental Facility

The experiments inthis program were conducted at GM Defense Research
Laboratories (Ref. 3) on Ballistics Ranges 'C' and 'D'. The launchers were

- respectively, a . 22-caliber smooth bore powder gun or a 20-mmaccelerated-

reservoir light-gas gun (ARLGG), and a . 30-caliber ARLGG. The powder gun
was used when velocities below 10, 000 fps were required, and th: ARLGG,
guns were. used for velocities above 10, 000 fps. The . 30-caliber ARLGG,
however, was capable of launching only low weight projectiles (m<0. 3 gm)
at velociiies in excess of 25, 000 fps; consequently, most of the tests were .
mace with the 20-mm ARLGG. This gun and the associated range complex
are shown schematically in Fig. 2. Following is a brief description.

2.1.1 20-mm ARLG Gun

The accelerated-reservolir light-gas gun was selected because it matn-
tains a .one‘ant pressure at the base of the niodel during the launching cyc:e.
This corstant Lase pressure produces a constant, yet moderate, acceleration

of the :a0del th-oughout its travel down the barrel. Hence, the model achieves .

a higl. muzale v: locity without being loaded to the point of deformation or
failure. This type of gun, then, is the logical choice for launching fragile
models or saboted projectiles of high mass and high density.

2.1. 2 Surge-Tank/Flight-Range/Velocity-Chamber Complex

This complex provides, in order:

(1) Tanks that coufine the muzzle blast and allow the high-pressure,
high-temperature driver gas to expand and cool

(2) Tanks that ccntain a controlled atmosphere in wilich the sabot
separates from the model. The downrange end of the flight rnnee s the subot
trap where the sabot petals are stopped, allowing the model to procecd aione.

(3) Tanks that house spark shadowgraph {nstrumentation (Fig. 3a) to
establish projectile velocity, orientation, and lategrity during cach firing.
Two successive spark shadowgraph pictures of the projectile, taken along
its trajectory over a distance of eighteen inches (Fig. 3b), are combined
with the elapsed times obtained from chronographs to determine velocitiea
with an accuracy of ¢ 1 percent. The spark shadowgraphs also show the
flight srientation of the projectile, record whether it has separated properly
from its sabot, and establish its trajectory.
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~2.1.3 lLupact Chamber

This chamber was specially constructed to house the large target sheets
needed Lo study spray distitbutions when the distance hetween shicld wid
target is large. The impact chamber ha3 numerous viewing ports to accom-
modate the instrumentation, and the rear wall of the chamber is a full-size
door to allow easy installation and removal of the targets. The targets are
held by a mount attached to the floor and walls. The surge-tank/flight-range/
velocity-chamber/impact-chamber ass¢mbly {8 vacuum-sealed and can be
evacuated to pressures of less than 10" %torr, equivalent to a pressure-
altitude of approximately 300, 00C ‘act.

The impuct of the projectile and the reactinn of the target can be ob-
served by roth tha 0. 07T-microsecond, two-channel flash radiography system
and the 1. 4-million-frames-per-second Beckman-Whitley framing camera.
The choice of instrumentation depends upon the specific observations to be
made of a giver ghot. The impact flash {s monitored by both photomuttiplier
(PM) tubes aui an indium-antimonide (InSb) infrared detector. 'The PM tubes
are sensitive to the following wavelengths: (a) 1800A to 5500A, (b) 4500A
to 10,0004, /~' 5940A to 10, 000A. The InSb detector is sensitive to radi-
ation in the vegion irom 1 to § microns. These detectors are calibrated to
measure r.diation ‘n watts per unit-solid-angle.

Preliminary firings were carried out prior to the daia rounds to develop
sabot designs and deflection techniques and to optimize the inter==] ballistics
of the gun operating cycle. These firings also served as proof rounds for the
impact chamber instrumentation.

2.2 Experimental Resuits

2.2.1 Experimental Pr:gram

The experimental program, as stated, consisted of firing specific hvper-
velocity projectilés inw a typical muitisheet target assembly under spe: fic
encounter couditicns. This target assembly is shown schematically in Fig,
which also details the experimental variables.

A comprehensive synopsis of the raw impact data obtained during the in-
vestigation i3 attached to this report as Appendix I. Not inclvded in the appen-
dix is reduced data from a complimentary study {avolving hypcrvelocity
impacts at angles of incidence ranging from 2 to 15 degrees, although this
additional {nformation has been included to extend the scope of the discussion
of the experimental results. The impact flash data is attached as AppendixII.
Table 1 ..sts typical physical and machanical pruperties ot the projectile and
target .naterials.
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2.3 Shield Analysis

Shield damage may be analyzed in many ways, and the resulting data may
tak>» mary forms. (Ref. 4) For this program, however, only the zross damage
Las been cunsidered: this is best represented by the perforation .rea or hole
area. Aj. The holes discussed in this report are those through which 1 col-
limated light beara normal to the target plane can be projected onto photo-
sensitive =~ .per.

Typical of the results of this program are the periorations shown in Fig.
5 to demonstrats the effect of 2 changing angle of incidence, x (all other
variables constant). It can L. tcen that the hole or perforation arca, Aj,
increases slowly from i’s norma’ value to 2 peak at an angle of approxi-
mately 35 degrees, and then d-creases sharply as the angle of incidence is
further decreased. It can also be seen that the hole becomes increasingly
oval as « is decreised. These results are shown graphically in Fig. 6,
wiere A has been nou-dimensionalized by dividing by the normal pro)ectue
area Ay, where

Ao = 'd (d = projectile diameter)

The eff ct of wole shape has been plotted as Diyayor/ Dmlnorn where Dma-r
{3 the maximuvm length of the perforation and B minor 18 the maximum wicth.
Figu. e 7 show: the resuit of tests with the same corabination of materials
Al = Al), but v.th a change in tg/d to 0.4 (In Fig. 6, tg/d = 0. 27); tg is the
shield sheet thickness. It can be seen that the curve here is similar to that
of Fig. ¢, but it peaks at 45 degrees rather than 335 degrees. Substantial
perforations were still evident at angies as low au 10 degrees, which wasthe
final test angle of this series. Figures 8 and 9 demonstrate the effects of the
impacts of nickel projectiles against stainless stizel and aluminum shields,
respectively. Although only threg angular ~onditions have been tested in e~ch
case, it is felt that the curves are represcntative. Figure 8 {8 similar in
shape to that of Halperson (Ref. 5); and Fig. 9 seemingly provides results
s.uiilar to these of Fig. 10, which invuives impects of depleied uraninum
spheres against magnesium shields (from Ref. 6,.

The experimental results of Al-Al impacts siown {n Figs. 6 and 7 are
combined in Fig. 11 to demonstrate the effect of mleld thickness v, »nn shield
damage Here it can be seen that, in the region 40 <o 0,185, the damgo to
the thiLker sheet 18 more severe.

To cansider the effect of projectile velocity on the extent of shield
damage, it is necessary to refer again to the physical description of normai
perforation introduced with Fig, 1. At eairemely low velocities, the impact
doex not generate sufficient pressure to initiate the formation of shock
waveg, producing only elastic or shear waves. Consequently, the projectile
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PROJECTILE MATERIAL: 2017 ALUMINUM SHIELD MATERIAL: 2014-T6 ALUMINUM
DIAMETER: 0. 375 IN.

VELOCITY: 25,000 fps t/0: 0.2
8 T T T T T T ' ™
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Fig. 6 Shield Damage, Al - Al (t'/d = 0,27, v» 25,000 fps)
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PROJECTILE MATERIAL: 2017 ALUMINUM  SHIELD MATERIAL : 2014-75 ALUMINUM
DIAMETER: 0, 25 IN, t /d: 0.40
VELOCITY: 25, 500 fps s
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PROJECTILE MATERIAL: NICKEL "200"  SHIELD MATERIAL: TYPE 302 STAINLESS STEEL
DIAMETER: 0. 137 IN, ¢ /d:0.150
VELUCITY: 25, W fps s '

Al 4= -
L™y c__/'<>
2| -

ol 1 3 1 111
M f0 T0 60 30 40 30 20 10 0

(¥ JRMAL) a «~ ANGLE OF INCIDENCE

Fig. 8a Area of Perforation

-

/O
ino

0 L 1 ] 1 1 ] 1 1
90 80 7 60 50 40 30 20 10 0

(NORMAL)

a = ANGLE OF INCIDENCE
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Fig. 8 Shield Damage, Ni ~ Stainless Steel (t_/d » 0,15, v = 25,000 fps)
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PROQJECTILE MATERIAL: NICKEL "200" SHIELD MATERIAL: 2014-T6 ALUMINUM
DIAMETER. 0. 187 IN, . t‘/d V0,834
VELOCITY: 25, 000 fps
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PROJECTILE MATERIAL: DEPLETED URANIUM
DIAMETER: 0. 143 IN.
VELOCITY: 23.350 fps
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10 Typical Shield Perforation — Effect of Varving Angle
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THICKECS: 0. 100 IN.
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Fig. 11 Shield Damage, Effect of Variation of Sheet Thickness,
Cou stant Velocity

suffers little damage during perforation. For a thick ductile shield, the edge
of the hole is thickened due to the plastic fiow. (Ref. 7) Brittle materials
fail by punching; that is, a disc of approximately projeciile size Is sheared
out of the shield. (Ref. 7) Thin sheets (small tg/d) tend to fail by petalling.
(Several simplified theories for these various modes of failure are reviewed
in Reference 8,) At in~r2aged velocity, these elastic or shear waves are
replaced by shock waves that resuli in hyperve.ocity impact phenomena.
Perforations associated with h' pervelocity for conditions of normal impact
have been treated extensively, both theoretically and experimentally, in
Refs. 9 and 10. These demonstrate that the process of fracture of pro:.ctile
and shield c2n be interpreted as a multiple-spalling phenomenon which
starts at the free curfaces, aud that the hole area ratio increzsc = linearly

with velocity.

Al = Al normal impacts (Fig. 12) generated Guring the course of this
program compare favorably with those predicted by Equatioa (1) fromn
Ref. 10, i.e.,

Y. 2
-{o.13mv(3)  + 0.90} (Ret. 10).
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where

hole diameter in shield
projectile diumeler
impact velocity, kfps

<oy
w ton

The minor differences, especiaily at the iower velocities, can be attrii.ted
to the dissimilarvity in materials tested (the empirical {>rmula was derived
for shields of 2024-T3 aluminum) and the dearth of data points to determine
the experimental scatter, especially for the thinner targets.

10 e —T—TT—T—1

V = 25, 500 fps

X 4 -

2910 a8 /—\
2/ ALUM-=ALUM PREDICTED N N
t/7=0.40  (qpp TABLE 2) NG
o ' N DS T T R .

90 80 170 60 50 40 30 20 10 0
(NORMAL) o = ANGLE OF INCIDENCE

Fig. 13 Shield Damage, Effect of Variation uf Velocity, Constant t s/d

The data in Fig. 13 presents another aspect of shield damage with
respect to velocity change. Even though the velocity here has been decre:xad
from 25, 500 fpe (data from Fig. 7) to 8200 fps, the characteristic shape oi
the Ay/A,-o curve described previously is unaitered except whan ¢ 20°
In this region the slope of the curve i8 less steep, and although the shield
was perforated when a =200 it was not perforated when y = 109 There i,
then, a shield angle that causes the projectile (o ricochei so that perforation
does not occur. It is interesting to note the correlation betwseen the obscrved
angular region of ricochet-perforation and that predicted by considering the
equivaleat semi-infinite target penetration, (P/d)g.mi oo, Of tie projectile at
a given velocity, then applying a thin sheet conversion factor and equating
this result. /®/d)ihin target, With the apparent thickness of the shield, ty
{ts is the thickness of the shield measured in the direction of the projectile
velocity vector (see Fig. 14)).

20
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adl.

t" t‘/lln a

PROJECTILE v
FLIGHT LINE

Fig. 14 Schematic of Shield Geometry

Aithough se.2ral empirical relationships are available to compute
(P/d)gemi - (refs. 11,12, 13) that of Herrmann and Jones has been chosen
because of its low-velocity data fit, i.e.,

2/3pp1/3 v3 } (Ref. 14)

2/3, Pr
B/ D gy Ky 0p/Pp)™ Lot | 1\ mAN
L

The relationship for the conversion of semi-infinite target penetrations
to those of thin sheets is not well defined, (Refs. 10 — 16) appcaring to be a
function of projectile and target material as well as velocity. Therciure, the
following relationships were chosen as being representative:

P/ target = 15 (P/D)
=2.0 (P/d)

semi . (ratn)

semi @ (max)

As noted, the equating of (P/d)tmn target to t, will produce a shield angle

below which ricochet occurs and above which perforation occurs, This shietd
angle i~ defined as o 1

The results of this equation avre shown in Table 2.
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Table 2
RICOCHET-PERFORATION CROSSOVER REGION

PROJECTILE SHIELD

d v ts l
(inches) | (fps) (inches) Experimental Predicted
0.250 | 25500 | 0.100 ay <10° 5° <o, <8°

0125 | 8200 | 0.050 | 10°<q < 20° |13°<q, < 18°
0.375 |[25100 | 0.100 ay < 10° o) «12° i
|

Note: o, is the shield angie below which ricochet occurs and above
which pérforation occurs.

' Figures 15 and 18 demonstrate the variation of perforation area with
velocity for shield angles of 50 degrees and 25 degrees respectively. For
compariscn, these graphs are replotted to show variation of perforation with
respect to vo'~-itv for constant t s /d; ree, for example, Fig. 17a (t /d =0, 27)
and Fig. 1°b (t_/d = 0. 40). Although normal impacts show an essentially
linear va: iation with velocity, this does not seem tc be the case for shield
angles otu.er than uurmal. The perforation area increases with velocity, but
the rate of increase decreases with increasing velocity. This rate also
seems to be a function of shield angle und thickness. It is interesting to note
that for Al - Al impacls, the following variation of Equation (1) represents
the hole minor diameter in the region 20° <& < 90?9

D e, /3
mipor . o.xa'rzvsma;ﬁf-z +0.90

where tA -ts/slna

Although the perforations are elliptical, the hole major diawece. 18 a function
of velocity, thickness, and angic; hence no simple adequate expression for
actual area can be derived without making gross asswuptions. This exprea-
sion, however, isbelieved to represent a minimum Operforattoa area and to

be especially representative of the damage when 60" <a < 90", fo: it is in his

region that Dmajor 2 Dmtnor‘

The ~roperties of projectile and target materials also govern hole size.
It has been demonstrated that, all else constant, a decrease in the shield
strength will produce a larger hole. (Ref. 16) Other physical property varia-
tions have produced indeterminate resuits and no deftnite correlations are
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PROJECTILE WMATERIAL: 2017 ALUMINUM SHIELD HATERIAL: 2014-T6 ALUMINUM

10 | E— T T Y I
t./d =0.37

.

&>
=T
-]
So go
:.\\
1 1

ALIM—2LUM
0 ] 1 — 1 ) 1 1
) 1 s 12 16 20 7 28 3

10 T T T T T T T
(]
t,/d =0.40 as= 80
’oo
S 25°
[} e
A,
l ‘ =9 -
i : -
ALUM -=ALUM
0 1 1 1 | 1 1 1 ) Xitps
0 4 ) 12 18 20 24 8 32
VELOCITY

Fig. 17 Shield Damage, Effect of Variation of Velocity, Constant t ./d
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available. However, the changes in hole area resuiting from the differences
in physical properties appear to be insignificant cccpared to the changes in
hole area resulting from different angles of incidence.

2.4 Target Sheet Analysis

The effect of projectile impact on the shield, or "outer spacecraft shell,"”
has been explored extensively on the preceding pages. The subseguent effects
of impact will uext be investigated. In certain cases, the second sheet (target
sheet) in the analog structure is the maiu hull - the structural-load-carrying
hull. Tke vulnerability of this sheet, then, is of paramount importance. In
review (see Fig. 4), the target sheeis for this program have been primarily
0.100-in. 2614-T6 aluminum, except for a short test series with 0. 028-in.,
Type 302 stainless steel targets. The spacing between the target sheet and
its shield has been varied from 4 to 24 inches, and the angle of incidence
8 of the target sheet has been set at 80, 60, and 25 degrees.

The spray patterns obtained from2a typical sequence of firings using
2017-aluminum spheres are shown in Fig. 18. The spheres ai¢ 3/8 inch in
diameter, the spacing between the shield and target along the projectile
flight line i- 2! inc'es, and the mean projectile velocity is 25, 000 fps.

A revi-w of thcse targets indicates that an appraisal of the damage
potential o. the spra;, is so complicated that a gqualitative assessment is
required. In order tc understand the phenomencn, it is therefore necessary
to consider first the simplest case, i.e., normal impact, referring both to the
shicld (@ = 90°) and to the target sheet {8 = 80°) behind the shield.

The phenomena of normal hypervelocity impact has been summarized in
Section I, and many authcrs have presented theories and corroborating
experimental evidence (Refs. 9 — 13). Suffice to say, then, that impact
velocity, more than an; other factor, will affect the target damage resulting
from any projectile-shield combination. Typical spray patterns nbtained by
varying the projectile velocity are shown in Fig. 13. These experiments 1t
different velocities illustrate two important results.

(1) Increased velocity results in more ccmplete fragmentation of both
projectile and shield.

X-rays of impact show that at low velocities the projectiie suffers very
little damage during perforation (see Fig. 18), and thzt oily sparse, large,
irregular fragments emanate from the shield. At 25, 200 fps, however, the
spray particles emitted from the back of the shield are so minute and diverse
that they are difficult to distinguish from the Yackground of the radiograph.

26

CONFIDENTIAL




SIORLD ANILEI OF SICIDENCE o

-- — L e
cosbon o g » T PP — "
e . - A.aﬁ:u ebishel v “’:‘“‘
i
CONFiDENTIAL
PROJECTILE MATERIAL: 2017 ALUMINUM s ' MATIh *L: 2014-T8 ALUMINGM
D*AMETER. 9,39% 14 TRICKNESS: 0. 106 ia.

VELOCITY: > 25,000 tpe TAREL | gpac: 34 1,

TARGET ANGLE OF 1KCIDENCE - #

[ »®

29°

NOTE: TARGET {N LOUWER LEFT CURNER 18 38" = 34", ALL OTHER
TARGETS SNOWN ABOVE ARK 36 3 3¢

Fig. 18 Typical Target Spray Patterns (Shields removed), Al ~ Al
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(2) Increased velocity results in a greater dispersal of both projectile
and shield fragments.

This result can also be seen in Fig. 19. With each incr.ase in velocity
tutersheet spacing constant), a greater target sr.cet area is affected. This
effect of velocity on projectile-shield fragment dispersal is also shown
graphically (Fig. 20) for Al - Al impacts by plotting proiectile- and spall-
spray semi-angles for two combinations of projectile and shield. The

3 6an? anSippels: e St f o T D

iv

projectile-spray semi-angle ¥ is defined here as £
D
-1 ¥
y=tan” & i
where Dy is relevant diameter of damage on the target sheet, and S is inter- ;t
. sheet spacing between shield and target, measured along the projectile flight L4
line. The spall-spray semi-angle 8 is st
D
-1 78
9 = tan N

where D, is reievant damaged diameter centered at the point where 2 normal
) drawn fr%m the point of impzct on the shield intersects the target, and N i:
K ) the leng!: ot ¢.¢ appropriate perpendicular (in this case wherea =f =90% N =3),
: Figure ; 18 and 19, however, show that it is difficult to definc 2 meaningfu!
? diam~ er of da:vage, and that physical limitations przclude the inclusica of
. . all spa!l fragme'ts. As a result, the criterion that was chosen provided that
J} ' ‘ approximately 90 percent of the spall damage to the target should fall within

: the choso-n diameter. A typical target with appropriate mcasuremenis is
shown in Fig. 21

In addition to demonstrating that fragment dispersion increases with tncreas-
ing velocity, Fig. 2¢ cliows effects of shee* thickness (t,/d) on dispersion
angles. It can be seen that at high velocities the spall-spray from the thinres
target is more concentrated about the flight line, and the maximum dispersion
angle is smaller. The projectile-spray angle app=ars to be irdependent of
such small changes in tg/d.

An interesiiug side note ts provided by Figz. 22, in whick e angles ¥ and
0 are superimposed on a radlograph of a projectile-shicld combinat'nn 10ucec
after impact,

It has been shown that the spray emitted from the rear of the shield «
nurmal incidence is symmetric about the original projectile flight line, Uncer
- onditions of nblique impact, however, the spray distributicn is deflected from
1he flight line towards the normai thrcugh *he centcr of the pertoration, The
sprav .cems to be composed of two patterns:
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PROJECTILE MATERIAL: 2017 ALUMINUM  SHIELD MATERIAL: 2014-T6 ALUMINUM

2 T ™1 T 1 T T
ALUM == ALUM o

28 b= l,/d=0.2’l )/ g o
20 b= 8 o

v = PROJECTILE-SPRAY SEMI-ANGLE

w
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2
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-
. 5 10 bw A/ |
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3 5 -
= a =90°
] 0 1 1 4 .1 1 1 1 1
; 10 12 14 16 18 20 22 24 26 28 Kips
' VELOCITY
Fig. 20a ts/d = 0.27
L]
ta
'g 0 | S SR | T ™1 1 T —‘0
ALUM -~ ALUM
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™ s <
g8 oy
=8
Ta W -
éé ° y o=f
s 151 o o~
24 © o 4
%E 10}- 7/
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:g a -9007
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Fig. 20b ts/d = 0,40

Fig. 20 Spall and Projectile Spray Angle Variation with Velocity (a~ 90°)
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TARGET <= 90°
SHIELD a= 90°

a . 8~
PROJECTILE 5 /
—l)- - - -
FLIGHT LINE I , N=§
.
I
SHIELD AND TARGET SHEET TARGET SHEET (SHIELD REMOVED) i
LAYOUT SIDE VIEW - SCHEMATIC FRONT VIEW - ACTUAL
(REF. FIG. 4) (REF. F1G.19) :
Fig. 21 Analysis of Spal! and Projectile Spray Angles
‘ vROJECTILE MATERIAL: 2017 ALUMINUM SHIELD MATERIAL: 2014-T8 ALUMINUM )}

DIAMETER: 0. 375 IN. ty/d 1 0.27

VELOCITY: 23, 500 fps
8:25° y: 14° (REF, FIG. 20a)

K '
e e Y

)

Fig. 22 Superposition of Spray Angles on Typical X-Ray v
of Projectile-Shield Impact 31 \
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(1) Fragments distributed about a normal through the shield (probably
resniting from shock propagation through the target, ..c., target spail)

(2) Fragments distributed about the original projectile flight line ‘~o.~-
posed mainly of projectile fragments)

The radiographs ehown in Fig. 23 illustrate this point. The normal configu-
ration is the same one noted earlier. In this case, the projectile is complete-
ly pulverized and spread over so large a surface that it is difficult to distin-
guish between damage from the projectile and damage from spall fragments.
As the shield incideni angle o decreases, however, the obliquity or incident

angle effect becomes more apparen.. Thus, at a = 8 = 609 the two patterns are

easily discernible and it can be seen that the spall-spray angle 6 has
decreased. At a = 8 = 250 the target has neariy defeated the projectile (note
the minor damage on the plane of the projectile flignt line), and the severe
target damage has been caused by the large, irregular pieces of spall

cjected normally from the shield surface. These observations have been
plotted as ¥ - « and 8 - & for two combinations of projectile and shield (Figs.
24 and 25). In both cases it is apparent that as o is decreased, the target
sheets are subjected to spall-spray damage long after the hazard from

projectile-spr., 0 ceased.

Superic.posed 01 the spall-spray curves are the lower limit predictions
(8 = 0) founu in Table 2. These predictions seem to be in good agreement with
the trend of the curved, but further testing will be required to ¢btain a
velocity-dependent T*/P for 2014-T8 aluminum that may exceed the assumed
value of 2. 0. (Note: T* = maximum tihicknress of target for compiete pene-
tration, and P = crater depth of semi-infinite target.)

The lower limit of the projectile-spray curve (y = 0) can be predicted by
the expresstion,

tAa d {DP/DT where tAsts/sln a‘ . (Ref. 1%

1. s simple variation of the Jproven expression of prima.y penetration depih
(Ref. 15) defines an angle o  below which there will be no damage from in-
line spray particles, i.e., no target damage in the direction of the pro-
jectile flight line. Typical values of o*are shown in Table 3.
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PROJECTILE MATERIAL: 2017 ALUMINUM
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SHIELD MATERIAL: 2014-T6 ALUMINUM

DIAMETER: 0.375 IN l'/d +0.27
VELOCITY: 25000 fps
w 30 ¥ L} ] BJ LI T ° |
3
z
<l +\
g 2 i
=] - A
w0 \
E A
: N\
S 10p -
. \
< PREDICTED .
u (SEE TABLE 2) X
: ™~
0 B | [ 1 | T T 4

.
% 80 70 60 50 40 30 20 10 O

(NORMAL) a« = ANGLE OF INCIDENCE

Fig. 24a Spall-Spray Semi-Angle
&
5 ¥ TT 7T T I 7
2
<
g
@
2 20 -
§  f——
: ~ PREDICTED
3 a (SEE TABLE 3)
1 1o 4
19
3
&
"
»

80 80 70 60 S0 40
(NORMAL) a = ANGLE OF INCI

A
° 1 O W | A l+}£ A
30 20 10

0
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Fig. 24b Projectile-Spray Semi-Angle

Fig. 24 Spall and Projectile Spray Angle Vaviation with
Shield Angle — Al - Al (ts/d = 0,27)
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. PROJECTILE MATERIAL: 2017 ALUMINUM SHIELD MATERIAL: 2014-T6 ALUMINUM

8 = SPALL-SPRAY BEMI-ANGLE -

DIAMETER: 0, 25 IN
VELOCITY: 25, 500 fps

i...d 1 0.40

0 T T 1T

-0\

0r

.

10p

PREDICTED
(SEE TABLE 2)

0 i A 1 1 1 1

8\+
N\

9. 80 70 ¢ 30 40 N

20

(NORMAL)

a = ANGLE OF INCIDENCE

Fig. 25a Spall-Spray Semi-Angle

PREDICTEDL

(ﬂll TABLE 3) J

A 'l 1

vy = PROJECTILE-SPRAY SEMI-ANGLE

2

80 70 €0

SO 40 ” 20 0

(NORMAL)

a = ANGLE OF INCIDENCE

Fig. 25b Projectile-Spray Semi-Angle

Fig. 25

Spall and Projectile Spray Angle Variation
with Shield Angle — Al = Al (t s/d = 0, 40)
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: Table 3 :
LIMiJING SHIELD ANGLE TV PREVENT PROJECTILE SPRAY DAMAGE

a*‘

P P
P T t/d
(gm/ce) (gm/ce) Experimental | Predicted_
2.70 2.70 0.27  |16° (Fig. 24) 15. 5°
2.70 2.70 0.40 124° (Fig. 25) 23.6°
19. 1 L71 0.70  112%ca% 15 12. °
8. 90 2.70 0. 534 - 17.2°
8.90 8.1 0. 15 - 8.2°

. : .
The lack of data preciudes experimental predictions of @, and & for impacts
of Ni - Al and Ni - 5tainless steel; although no dzta has been plotted, selected
points are included in Appendix I.

Figure 26 illustrates the var(nti@n with velocity of spall-spray and
projectilc- spray anzies when o =060. The curve trends shown here are simi-
lar to tho: 2 of Fig. 70 for o = 90; .hence, the ccaclusions are the same.
Insufficient data pre: ents comment on velocity variation when o = 25°

2.5 Total Target Vulnerability

The purpose of these tests is to define the vulnerability of the total
structure, or system, under set conditions of projectile impact. There is,
therefore, an interest in total penetration, becsuse penetration is indicative
of (1) the ability of a shield to fragment tne projectile, to spread these frag-
ments and reduce their velocities, and (2) the ability of the target sheet to
resist these fragments.

Material considerations aside, total penetration is primarily a function:
of sheet thickness, projectile velocity, and intersheet spacing. {Iur this
report, only total penetrations when a = 8 = 90% have baen plotted. Tary, 2t
damage is shown both pictorially (Fig. 27) and graphically (Fig. 28).) When
intersheet spacing {s small, target failure takes the form of yerforation by
projectile and spall fragments, and petailing from the high impulse loads.
As the spacing is increased, neither perforation nor petalling occurs. Note
that at larger spacings the target sheet is vulnerable to the projectile of
greater mass, e.g., when ts/d =0.27 and t, = 0.100 ta. (Fig. 27).
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PROJECTILE MATERIAL: 2017 ALUMINUM SHIELD MATERIAL: 2014-T6 \LUMINUM

“ ‘
3 1 T 1 1t 1 1t 711
z
. ALUM —=ALUM
43 B A a0 O~ ¢
o s © -
o
as o - 7
(%] -
h& 4
E-a 10 = oo A -
L3 = -
ié )A o = 60°
%:: 0 | I N U N D S S
ex 10 12 14 16 18 20 22 24 26 28 30 Kips

VELOCITY

Fig. 26a t‘/d = 0,27

e UL O L L B L D O
% 28 = A T o o 0 -
39‘ LA -
28 o} / -
s-r (-]
aé 15 = // 7
3d A° °
10ke -
éﬁ /0/’
:éu $ b )
-s:g  @=ag”
@e o Lt 1 11 1 31 1
o» 10 12 14 16 18 20 22 24 28 28 10 X e
VELOCITY

Fig. 26b t./d- 0.40

Fig. 26 Spall and Projectile Spray Angle Variatiun witn Velocity (a = 60°) o1
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To present an overall picture of the vulnerability of the aluminum analog

. structures, a ballistic limit approach has been chocen: either perforation or

no perforation of the target sheet. Spacings of both 12 and 24 inches have
been considered, aloag with the surmised cause of damage — either i ~ojectile
fragments or spall. This data is presented in Figs. 23 and 30, which show
that as the shield and target impact angles are varied, target sheet failure
results from different mechanisms. However, it can be seen that the result-
ant damage of any configuration is governed primarily by the shield angle a .
Since the resuits for all four cases are similar, discussion is limited to the
case where tg = 0. 27 and intersheet spacing = 12 inches. Under conditions of
normal impact, no perfcrations from either projectile fragments or spall
occurred, although the target sheet irom the & =8=90° impact appeared in
danger of rupture from projectile-fragment and spall-fragment momentum
loading. When o = 60° no perforations resulted from spall, aithough the pro- .
jectile fragments perforated when 8 = 60° and 902 1t is felt that the extreme
obliquity of the target sheet when B = 250 defeated these fragmer.ts. When

a = 250 the major damage to the target sheets resulted from the irregular
=pall fragments ejected from the shield; these perforated the target sheet
under all conditions. Again, wken 8 = 250 the angle of obliquity of the target
sheet was sufficient to defeat the projectile fragments.

With t). : 0. 3-gm 2017 aluminum projectiles and the 0. 100-inch 2014-T6
aluminum shield and target as references, two series of tests involving
nickel sp. 2res of gqvivalent mass and Type 302 stainless steel shields and
targets of equivaleni strength were conducted. Typical results are shown
pictorially in Fig. 21 and numerically in Appendix I. It can be seen that in
all cases the uickel projecliles are more lethal than tae aluminum. A review
of the witness sheet penetrations indicates that the stainless steel analog
structure is generally less vulnerable than the aluminum when impacted by
nickel projectiles. However, a larger sample of materials should be tested
before any conclusions are drawn regarding prcjectile and shield-target
physical properties. .

2.6 Impact Flash Phenomenon

An invesiigation of the phen~menon of impact flash was ma‘le along with
the hypervelocity impact study. This investigation was to qualitaiively
determine the pertinent variables affecting impact flash with the ultimate
goal of using the information to assess the impact flagh phenomenon as a
spatial hit detector or target discriminator. Althougk open-sautter and high-
speed framing camerus have provided results concerning total radiant energy
and flash duration (Fig. 32), more precise empirical data will be required
for the above appiication. Pursuant to this, a series of photomultiplier
detectors, sensitive to visible and near-visible radiation, were chosen for a
paramet. ic investigation. (See Section 2. 1 for {nstrumentation details, )
During this study, only the peak luminosity Ipdisplayed on the typical
oscilloscope trace (Fig. 32) has been correlated (L, is defined as the maximum
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Fig. 32¢ Typical Oscilloscope Trace Showing Intensity-Time History of

Impact Flash
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recorded luminosity occurring within the first few microseconds after con-
tact of the projectile with thr ghizld and before any possible interference

effects from spall splatter on the target siwei or on the walls of the impact
chamber).

. Again since one of the projected uses of the impact flash phenomenon is
that of a spatial hit detector or target discriminator, obviously the existence
'of lmpact flash under environmental conditions of reduced gas pressure must
be proved. To this end, experiments involving Al -~ Al impacts were con-
ducted in reduced atmospheres of air and heliura (the helium simulates an
- inert atmosphere). It can be seen in Fig. 33, for V-constant, that the peak
luminosity is essentially invariant in an inert atmosphere and also that only

above 1 torr (mm of Hg) is the surrounding air observed to have any slgnu-
. . -, lcant effect.

- To determlne the relationship of the tmpac't flash to the many possible
. projectile parameters, axperiments were conducted in wkich size and
i , . - velocity of the projectile varied. Projectile and target materials were limited
\ . to those discussed earlier — 2017 Al for the projectile and 2014~T6 Al for the -
. ‘ target. Three independeri tubes monitored tests with projectiles 0. 125 inch
in diameter to determine any dependence of frequency response to velocity.
(See Fig. 34.) ! lotted log-log, the peak luminosity is shown to vary as the
- fourth p swer of velocity, a relationship independent of the mouitored fre-
quency When d.ta obtained from larger projactiles (0. 25 inch and 0. 375
inch) was compar :d to that from the 0. 125-inch projectile impacts, the im- .

pact flash intensity was found to be a direct function of t.he area presented
by the prcjectile,

e ot AR n L A PRI S IR o

PAREROvEe, %

These experimental results confirmed that the following empirical re‘-‘
lationship, generated from tests on semi-infinite targets, can be applied to
thin sheet impacts wuler conditions of normo! impact.

I = CAV" o (Ref. 17)

where I;p = peak luminosity (see definition), normal impact
A = cross-sectional area of projectile
v =projectile vclocity, fps
n s=velocity exponent
C =2 constant

Y Ll W

Withia the scope of the experiments conducted measured values for the
coefflctent C are listed in Table 8 for Al=Al impacts.

i vk
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- Table 3
™ cav |
VALUES OF TERMS FOR Al = Ai IMPACTS
DETECTOR RANGE n c
PR

0.18u to 0.554 42  s.24x10713
0.5944 to 1.0y 41 3.21x10712
1.0pto 5.5 - | 89 1.66 x 10”10

Note: units of C — watts per st:era.cllan/ft2 (tps)"

To anpraise the effect of target incidence on peak luminosity, two series
of tests were fired — one with semi-infinite targets, and the other with thin
targets (Fig. 35). Within the limits of the data scatter, no differertiation can
.be made br * the two sats of results. Furthermore, although data trends
are indicated s* ~ = ©, 000 fps, there seems to be little variation in the peak -
luminosity (I« 38 than one order of magnitude) over the range of tested
incident any:es. Dat: from impacts at v = 25,000 fps confirms the velocity-
power relaiionship ov.r the range of tested incident angles.
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SECTION It
SUMMARY

In summary, the data has covered a range of iacident angles from 2 to
90 degirees with various projectile-target combinations. Impuct velocities
have rarged from 8,000 to 25,800 fps, and shield-to-target spacings have
- varied from 4 to 24 inches, Although these experimental results are
specific, they indicate more general behavior trends; thus, the following
observations may be made:

(1) For all projectile-shi:.d material combinations, there is a shield
angle below which ricochet occurs and above which perforation
occurs. This angle is a function of projectile and shield material,

‘projectile velocity, shield thickness, and impact angle, For
Al = Al impacts when v = 25, 000 fps, this angle is less than 10
degrees. For Ur - Mg impacts when v = 23,000 {ps and t /d =
0.70, it is less than 2 degrees.

(2) At constant hypervelocity, the ratio of shield perforation area to
projectiie presented area (A /A, )increases siowly from its vaiue
2 us ¢ )0 (normal) to maxlmum ‘he region a < 609 then
screazes sharply as a - 02 The magnitude and angular location
of this r1aximum is a function of the projectile and shield materials,
projectiic velocity, and shield thickness. For any projectile-shield
-combination, greater damage is sustained by the thicker shield
(velocity coustant).

(3) For normal impacts, the pertoratlon area ratio (A,/A,) increases
with approximately the first power of the impact ve ‘loc v. However,
for shield incident angles other than normal, although the perfora-
tion ratio (A/A,) increases with v.locity, the rate of increase
decreases with increasing veiocity,

(4) Increased velocity results in more complete fragmentation of both
projectile and shield, and in a greater dispersal of these Ir..ments,
Fragment dispersal increases with an increase in shield thickness,

(5) Although spray angles are very difficult to define accurately,

certain conclusions regarding their general behavior can be nnde,
The proiectlle spray angle ¥ approaches zero degrees at some impact

angle a® where o > 0° (velocity constant). This ungle (a*) may be
. ) predicted empirically using the shaped-charge primary penetratic
N formula. The spall-spray angle 8 also decreases with decreased
angle of incidence (velocity constant). Its lower 1imit may be pre-
dicted when ‘it is considered that perfor.tlor. ceases to occur when
8=0.
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(b) 'rotal penetration of target structure has been shown to be a tunctxon
of
(a) projeciile ard target materials
(b) projectile velocity
{c¢) intersheet spacing
{d) shield and target sheet angles of incidence

Of all the variables considered, shield and target angle are the
‘most critical, since rarely will a conical or cylindrical space-

~ craft be struck normally. It has been shown that damage to any
target structure is primarily governed by the shield angle, a,
To illustrate: with v = 25,000 fps and 8 = 12 inches, no target
sheet perforatica was noted with the shield norma’ tn the projeciile
attack. When the shield angle was set at 25 degrec«, however, the
target sheet was perforated in all cases, regardless of orientation.

(7) The investigation of the phenomenon of impact flash may be sum-
marized as follows:
(a) Peak luminosity is independent of pressure in an irert a.mos-
. ' phere, and only above 1 torr is the surrounding air observed
. to have any significant effect.
(b} With normal impact, peak luminosity is a direct function of
the p1)jectile presented area. .
(. Peak 'uminosity (within the scope of the experiment)is
indeps:dent of target sheet thickness. It should be noted
that no iests have been performed using extremely thin
foils as targets. ,
(@) Ieak luminosity has a power Ielationsmp with veloctty.
For Al +Al impacts, Ipcv

‘(e) Peak luminosity does not change significantly with changes
of projectile impact angle.
(f) Peak luminosity is independent of viewing angle

e T NI P

N

WA OB Y L4 P BN R o hE B R S L T L5 Bt & n renasiern

CONFIDENTIAL




1.

3.

REFERENCES

F.L. Whipple, "Thc Meteoric Risk to Space Vehicles," Vistas in
Astronautics, Vol. 2, Pergamon Press, New York, 1958, vp. (I5-
1 :

D.R. Christman, J.W. Gehring, C.J. Maiden, and A.B, Wenzel,
“Study of the Phenomenz of Hypervelocity Impact,” Summary Report,
Contract NAS8-5067, GM DRL Report No. TR63-216, Santa Barbara,
Calif., Jun 1963

"Aerospace Research Capabilities," GM DRL Report No. TR63-223
(Revised), Santa Barbara, Calif., Apr 1964

"Propulsion System Damage Study (U),” ASD-TDR-63-2, Vols. I, I
and U, Eglin AFB, Florida, Jan 1964 :

8. M. Halperson, "Some Phenomena Associated with Impacts Into
Aluminum,” Proc. of the Sixth Symposium on Hypervelocity Impact,
Vol. I, PartZ, Cleveland, Ohlo, May 1963

J.W. Gehring and R. L. Warnica, "Summary Report on Hyper-
v !neity Tmpact Experiments, " Contract AF €7(635)-2783, ASD-TDR-
84-5, ki.in AFB, Florida, Feb 1964

>, R, Ny-mith and J. L. Summers, "An Experimental Investigation of
che Impac: Resistance of Double-Sheet Structures at Velocities to
24, 000 Feet/Second, " NASA TN-D-1431, Oct 1962

W. {lerrmann and A. H. Joacs, "Survey of Hypervelocity Impact
Information, " Massachusetts Institute of Technology, Aeroelastic
and Structures Research Laboratury, ASRL Report No. £4-1, Sep
1861

C.J. Maiden, J. W. Gehriag, and A.R. McMillan, "Investigation of
Fundamental Mechanism of Damage to Thin Targets by Hypervelocity
Projectiles, " Semiannual Report, Contract ARPA Nonrr-3891{00)(X),
General Motors Corporation, GM Defense Research Laboratoiies,
Report No. TR63-208, Mar 1963. See algo, C.J Maiden, "Experi-
mental and Theoretical Results Concerning the Protccsive Ability U
a Thin Shield Against Hypervelocity Projectiles,” Proc. of Sixth

Hypervelocity Impact Sympostum, Vol. II, leveland, Ohio, May
963

53

P,

K

‘ !
%
i3

g Xl o,




10.

11.

12.

13.

14,

15.

16.

17.

C.J. Maiden, J.W. Gehring., and A.R. McMillan, "Investigation of
Fundomental Mechanism of Damage to Thin Targecs by Hypervelocity
Projectiles," General Motors Corporation, GM Defense Research
Laboratories Final Report, Contract ARPA Nonr-23891(00)(X), GM
DRL Report No. TR63-225, Santa Barbara, Caif., Sep 1963

R.L. Bjork, "Meteoroids vs. Space Vehicles," ARSJ., Vol. 31, No.
8, Jun 1961, pp. 803-807 R

A.C. Charters and J.L. Summers, '"High-Speed Impact of Metal Pro-
jectiles in Targets of Variuua Materials," Proc. of the Third

_ %;ngoslum on Hypervelocity Impact, Armour Research Foundation,

cago, Feb 1959

R.J. Fichelberger and J.W. Gehring, "Effects of Meteoroid fmpact on
Space Vehicles,"” ARS J., Vol. 32, No. 10, Oct 1962, pp. 1583-.15¢1

W. Herrmann and A, H. Jones, "Correlatior of Hypervelocity Impact

Data," Proc. of the Fiith Symposium on Hypervelocity Impact, :
_ Colorado School of Mines, Nonr-(GS-UUZU-%Z(X), Vol. 1 )FER 2, Apr

. 1962

E.P. Bruce, "An Experimental Evaluation of Hypervelocity Impact
Effecis o pacecraft Structures (U)," GE MSD-RSD, GE Document
No. 63SD819, Sep 1963

R. W, Watscn, K.R. Becker, and F.C. Gibson, "Thin Plate Perfora-
tion Studies :n the Velocity Range from 2 to 5 km/sec," Proc. of the
Sixth Hypervelocity Impact Symposiurm, Vol. I, Cleveland, Ohio,
May 1963 - o

1.W. Gehring and D.W. Sieck, "Reaction of the Lunar Surface to the

Impact of 2 Lunar Probe,"” Progrese in Astronautics and Aeronautics,"
Vol. 10, Techrningy of Lunar Exploration, Academic Press, New York,

1963, pp. 97—~ for a mose complete'?i‘scussion, see J, W, Gehring

and R. L. Warnica, "An Investigation of the Phenomena of Impact Flasu

and Its Potential Use as a Hit Detection and Target Discrimination
Technique," Proc. of Sixth Hypervelocity Impact Symposium, Vol. W,
Part 2, Cleveland, Ohio, May 1963; J.W. Gehring, A.C. Chertors,
and R.L. Warnica, "Meteoroid Impact on the Lunar Scrfaece," (pape
presented at the Lunar Surface Material Conference, Boston, Massa-
chusetta, May 21-23,.1963) ) .

R R v S N,




APPENDIX 1

 DATA
HYPERVELOCITY IMPACT DAMAGE

The following tables present the raw data gathered under the experimental
portion of the program. The units are as follows:

(1) All length measurements: inches
(2} Velocity: feet-per-second

(3) Weight: grams '

(4) Area: square inches

The errors on the data are .8 follows:

(1)
(2)
(3
(4)
(5
(8)

Projectile weight: + . 005 gram
Pro}ectile diameter: % . 0005 inch
Projectile velocity: 1%

_Sheet thickness: + .001 inch

Sheet spacing: + .125 inch
All bole and crater diamensions: + ., 001 inch

The measurements Dp and Ds (in inches) are defined in the text.
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CONFIDENTIAL

- APPENDIX I %
DATA H

IMPACT FLASH PHENOMENON

The followlng tables present the raw data gathered under the experlmental
portion of the program. The units are as follows:

{1) Pressure: torr (mm of Hg)

(2) OD: inches .

(3) Impact velocity: feet-per-second

(4) lp: watts per steradian

()] tpeak: microse‘conds

Instrumentation identification is as follows:

' . : Chan.. s Instrument Range . Viewing Angle

; 1 uto 8.5 - Normal to flight line

; 2 luto 5.5 " Flight line (parallel)
3 0.594to 1 . Normal to flight line
4 0.594uto1p Flight line (parallel)
4A 0.45:t0 1 Flight line (parallel)
8 0.18,t0 C.BFp Flight ltne (parallel)

Numbeu in parentheses (e.g., (10X)), refer to neutral density filter facfors
An"g8" after I_ results indicates that the channel was saturated and hconce data -
is doubtful. ‘ '
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PICATINNY APSENAL (SMUP?.DWS)

TRANKFORD ARSENAL (Lib)

SPRINGFIELD ARMORY
(SWESP-RD/F,F,Foley)

US ARMY RESCH OFFICE-DURHAM
(CRD-AA-1P A
BALLISTIC RESCH L#B

(AMXBR-X)
BALLISTIC "ESCH LAB (Tech Lib)

* BALLISTIC RESCH LAB

(AMXBR-T)
BALLISTIC RESCH LAB (AMXBR-WC)
DDC .
DIR USAF PROJ RAND
AEROJET GEN CORP
(¥r. R, B, Mortensen)
-2 GENERAL MOTORS CORP
_(Mr, J, W, Gehring) -
.3 THE BOEING CO. '
(Mr. J. F. Lundeberg/R. Elam)
GENERAL ELECTRIC CO. MSVD
ARG INC (VKF-AB/J, Payne)
AV2D CNRP RAD
~ (r. . Rockowitz)
& 'RCSFACE CORF '
(Mr, V. Frost)

'GENERAL ELCSTRIC €O,

(Dr. T. 1., Riney) .
 AEROSPACE CORP

(iire Tom Friedman)
SSD {SSzDS/Maj Sherline)

NAVAL ORDNANCE LABORLATORY.
NASA/LANGLEY RESCH CTR
" (Mr, E, Xurczewekl)

PCF ’ . '

PGBAP-1

ATBT

ATG

ATTR

&Ngh‘ « N [ [ - W
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Er- &~
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INITIAL DISTRIBUTION LIS

popn Pin

ADVAHCSD RSCH. PPOJ AGENCY
(Hr, Koether)

wetls SYS EVAL GP

" DASA (Doc Lib Bv)

HQ USAF (AFORQ-1T)
HQ USAF (AFRSTE)

11Q USAT (AFFSTB)

HQ USAT (AFCIN)

HQ USAT (AFRDP)

HQ USAF (AFOCE)

AFSC (SCTR) .

ASC (MSFA)

4.6SC (SCEA)

ASD (ASJ)

AFAL (AWN}

AFML (VAA)

AFML (MAY)

AFFDL (FDTS) -

FTD (TDFA)

FT0 (TDCE)

FTD (TNT)

FTD (TDR" W)

FTD (T ZA)

FTD (. 2EWA)

SEG - :

SEG (SETGE)

SEG (SELDC)

szC (2300

SEC (SEYeR)

KTD (RTNW)

RTP (Tech Lib)

SSD (SSTAS/Capt Hu-ford)
SSD ( .alos) .
SSD (SSTFT)

pSD (BSVDA)

PSD (BSVDA/Capt Baker)
ESD (ESAT)

AFCRL (CTXL)

RADC (RAALD)

AEDC (AETV/Maj Brown)
AEDC (Tech Lib)

AFWL (WLL) '

AL (WLRPT/Capt Gillespfe) -
AFWL (WLAX)

AFWL (WLFPD)

AFVIC (MTBAT)

AFFTC (FTOOT)

SAC (7A) '

- - RN P NI QO P B e R e e B R B e

WN N [

[T

RN ON N

-

N

- S NAVAL WPNS LAB (Lib)

" NAVAL ORDNANCE TEST STN
_ MARTIN-MAFIETTA COFP

_SCIENTIFIC ¢ TECH INFO FAC

AU (AU 2756)

NASA

NASA/LEWIS RESTH CTR
NASA/AMES °ESCH CTR

HASA/LANCLIY FESCH CTR

NASA/MARSHALL SPACE FLIGHT CTR
US ATOMIC ENCRGY COMM

DEPT OF THE INTERIOR

OFFICE OF WAVAL ROSCH

US NAVAL ORD LAB (Lib)

US NAVAL WPNS EVAL FACILITY

NAVAL RUSCH LAB (Code 62u0)
NAVAL RSCH LAR (Tech Lib)
US NAVAL ORD LAB

(Hx‘o ¥. Re Porter)
HORTRONICS DIV OF NORTHPOP CORP
“(Mr, B, Karin) )
RAYTHEON CO.
(Msl Sys Div, W, Hurd)
GCMEPAL ELECTKIC CO,
‘¥r, C. Ashley)
l'a\ . uv.u - ILLI“OIQ LNST OF T-—CI'{
BATTELLE MEMORIAL INSTITUTE
Ab OSPACE CORP
(#r. D, Singer)
SHOCK HYDRODYNAMICS INC
(Hro Re Jo Bjol‘k) ’
GENERAL DYNAMICS CORP
(¥r, M, Halsh)
PHYSICS INTEPNATIONAL
\Vr, J. Harlen)
GENERAL DYNAMICS CORP
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